A selectable system has been used to determine mutation rates within a microsatellite sequence in human cancer cell lines with or without defects in mismatch repair. A sequence consisting of 17 repeats of poly (dC-dA).poly(dT-dG) [abbreviated as (Ca) 17 ] was inserted near the 5' end of the bacterial neomycin-resistance gene in a plasmid vector, such that the reading frame of the neo gene is disrupted. This plasmid was introduced into cancer cell lines, where it became integrated into the cellular genome. Clones with insertions or deletions of CA-repeats that restored the normal reading frame of the neo gene were selected in G418, and mutation rates were determined by¯uctuation analysis. The rates of reversion in LoVo cells, which are de®cient for hMSH2, were about one in a thousand per generation, which is approximately two orders of magnitude higher than in the repair-pro®cient HT-1080 human ®brosarcoma cell line. The mutation rates in H6 cells, which are derived from the hMLH1-de®cient HCT116 line, were more heterogeneous than in LoVo, but all were considerably higher than in the repair-pro®cient line. Nearly all of the revertants of the repair-de®cient lines had deletions of a single CA-repeat from the microsatellite sequence, whereas repair-pro®cient cells had a broader spectrum of mutations.
Simple sequence repeats, or microsatellites, are highly unstable in most tumors from patients with hereditary nonpolyposis colorectal cancer (HNPCC) Lindblom et al., 1993) and in signi®cant fractions of some types of sporadic tumors, especially those associated with HNPCC, such as colorectal, endometrial, and gastric cancers (Honchel et al., 1995) . The nature of this instability is a change in the length of the microsatellite, resulting from insertion or deletion of one or more repeat units. The high levels of instability in most of the HNPCC patients (Bronner et al., 1994; Fishel et al., 1993; Nicolaides et al., 1994; Papadopoulos et al., 1994) and in at least some of the sporadic tumors (Bùrresen et al., 1995; Liu et al., 1995; Bubb et al., 1996) are the consequence of mutations in genes involved in mismatch repair of DNA, including hMSH2, hMLH1, hPMS1, and hPMS2. Although microsatellites are generally used as markers of genetic instability, some of the microsatellite mutations that have been observed are within genes that are likely to have direct eects on tumor progression. For example, it has been shown that signi®cant fractions of colorectal cancer cell lines and/or primary colon adenocarcinomas with microsatellite instability have mutations in simple repeat regions in the gene for type II TGF-b receptor or the Bax gene (Rampino et al., 1997) .
Although microsatellite instability can be quite striking in tumors and tumor cell lines, it is dicult to quantitate the actual rates of mutation of these sequences for comparison with tumors or cell lines that do not exhibit microsatellite instability or with normal cells. There is currently no method that allows selection speci®cally for mutations in endogenous microsatellites, most of which are located in noncoding regions of the genome. Although some microsatellite mutation rate estimates have been made in tumor cell lines with mismatch-repair defects, these studies have had to be done by surveying large numbers of unselected subclones (Bhattacharyya et al., 1994; Shibata et al., 1994) . This approach is not feasible to use on lines that have mutation rates much lower than 1610
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, as would be expected for most repair-competent cells.
We devised a system for selection of frameshift mutations within a microsatellite sequence in cultured cells (Farber et al., 1994) . This consists of a plasmid containing a fusion gene, the 3' end of which codes for neomycin resistance; a (CA) 17 -microsatellite has been inserted into the gene out of frame, such that the neo coding region is not translated. The plasmid is introduced by transfection into recipient cells, where it integrates into the genome. Clones with insertions or deletions of CA-repeats that restore the reading frame of the gene are selected for reversion to neomycin resistance. Mutation rates are calculated, and the nature of the mutations is determined by PCR.
We have utilized this system to analyse microsatellite mutation in two colorectal cancer lines with defects in mismatch repair and a ®brosarcoma line that is repairpro®cient. The cell lines that have been studied are as follows: H6 cells, which were derived from the HCT116 colorectal carcinoma cell line (Brattain et al., 1993) by R Parsons et al., The Johns Hopkins University ; LoVo, a line that was established from a metastatic adenocarcinoma of the colon (Drewinko et al., 1976) ; and the ®brosarcoma cell line HT-1080 (Rasheed et al., 1974) . HCT116 and LoVo are de®cient in mismatch repair; HCT116 has an inactivating mutation in the hMLH1 gene and no wild-type allele , and LoVo has deletions in both alleles of hMSH2 (Umar et al., 1994) . HT-1080 has normal mismatch repair (Yin and Kunkel, NIEHS, Research Triangle Park, NC, personal communication) . Cells were cultured in Dulbecco's modi®cation of Eagle's medium (DMEM) containing 10% de®ned calf serum (Hyclone, Logan, UT) at 378C in 5% CO 2 .
The plasmid containing the (CA) 17 -microsatellite sequence was introduced by electroporation into the human cancer cell lines (Farber et al., 1994) . This plasmid (pRTM2) is diagrammed in Figure 1 . Transfections were done by electroporation. Transfected clones were selected for resistance to hygromycin (150 mg/ml). Clones that had frameshift mutations within the microsatellite sequence that restored the reading frame of the fusion gene were selected in G418.
Fluctuation analysis was carried out to determine mutation rates. These data are shown in Table 1 . Results are given for three independent hygromycinresistant clones derived from each cell line. Mutation rates were based on frequencies of G418-resistant colonies in nine or ten subcultures from each transfected clone. PCR analysis was carried out on DNA isolated from individual colonies, in order to determine what proportions of the G418-resistant clones in each experiment actually had insertions or deletions within the sequence that includes the microsatellite. Frequencies of mutation to G418-resistance were then corrected by these fractions before calculations were performed for determination of rates of microsatellite frameshift mutations. The fractions of clones with insertions or deletions in the microsatellite were not determined in these experiments with LoVo cells, because in previous experiments done under slightly dierent conditions (dierent numbers of cells per subculture and/or dierent numbers of cells plated in G418) with the same hygromycin-resistant clones, 100% of the G418-resistant clones contained microsatellite mutations (unpublished observations); therefore, for calculation of LoVo mutation rates, it was assumed that all of the revertants had mutations within the microsatellite.
Results of PCR analysis were also used to determine what types of mutations occurred in a sample of G418-resistant revertant clones. Examples of PCR products from mutant clones from H6 and HT-1080 cells are shown in Figure 2 . Table 2 shows the numbers of clones with various types of insertion and deletion mutations among those that had frameshift mutations within the PCR product that includes the microsatellite sequence. It was shown previously by DNA sequencing that mutations in this region that restored the reading frame of the neo gene were usually insertions or deletions of CA-repeats in the microsatellite (Farber et al., 1994) . The data from H6 clones were obtained from no more than one colony isolated from each subculture from the¯uctuation tests reported on in Table 1 , plus independent clones isolated from additional subcultures. The LoVo data are from clones isolated during¯uctuation tests done pre- Mutation rates were determined by¯uctuation analysis. For each hygromycin-resistant clone tested, ten subcultures were established in 24-well plates. Subcultures were started with ®ve cells each for H6 and LoVo cells and 100 cells each for HT-1080 cells. After expansion of the subcultures in nonselective medium, cells were plated in G418 (Geneticin, GIBCO/BRL, Gaithersburg, MD; 600 mg/ml) in 100-mm dishes. Cells were plated at densities of 2610 3 to 2610 4 (H6 and LoVo) or 2610 5 (HT-1080) cells per dish, and the medium was changed every 4 to 5 days. After approximately 2 weeks, one colony per subculture was picked and expanded for PCR analysis. Plates were stained with Giemsa, and colonies were counted. Five hundred cells from each subculture were also plated into each of two dishes in nonselective medium for determination of cloning eciencies, and the frequencies of G418-resistant colonies were corrected for these values. Mutation rate calculations were done using the Lea and Coulson (1949) method of the median. (In two instances, one subculture was lost to contamination and the calculations were based on the reversion frequencies in the nine remaining subcultures.) (n.d.=not determined).
a Mean from two¯uctuation tests. This clone contained two copies of the microsatellite sequence Figure 1 Diagram of the pRTM2 plasmid. The construction of this plasmid has been described previously (Farber et al., 1994) . It contains a bacterial hygromycin gene (hyg) and a fusion gene between the Herpes thymidine kinase (tk) gene and a bacterial gene coding for neomycin-resistance (neo). An oligonucleotide containing a (CA) 17 -dinucleotide repeat sequence was inserted into the fusion gene at an AatII restriction enzyme site near the 3' end of the tk portion of the fusion gene, such that the part of the fusion gene downstream of the insert is read out of frame. [The sequence of the entire frameshift target is given in (Reidinger et al., 1996)] viously, as described above. The HT-1080 data are all from clones isolated from the¯uctuation tests reported on in Table 1 . The number of HT-1080 clones is small because the mutation frequency was relatively low (i.e., not all subcultures contained G418-resistant colonies) and because most of the clones that were isolated did not contain frameshifts within the microsatellite region. The latter clones probably experienced frameshift mutations outside the CA-repeat, as has been demonstrated for ICR170-induced mutations in this plasmid sequence in mouse CAK cells (Riedinger et al., 1996) .
The PCR data showed that all but one of the hygromycin-resistant clones analysed contained a single copy of the transfected plasmid sequence. When there are multiple copies of the plasmid integrated into the cellular genome, all G418-resistant clones in that culture with frameshift mutations yield a PCR product of the same length as in the parental cells, in addition to the larger or smaller product. (Since reversion to G418-resistance is dominant, a mutation in only one copy of the microsatellite is necessary to produce a resistant clone.) The one hygromycin-resistant HT-1080 clone that contained multiple copies of the target microsatellite sequence is indicated in Table 1 ; the HT-1080 PCR products designated in Table 2 as`0,+4' and`0,714' were derived from that clone. The PCRproduct length changes in H6 revertants that are designated in Table 2 as`72,+4' or`0,+4' presumably represent mixtures of two clones, since most of the revertants derived from the same hygromycin-resistant clones have only a mutant PCR product.
As expected, the mutation rates in the repairde®cient lines were considerably higher than in the repair-pro®cient line. The median rates in H6 and LoVo were 16 and 340 times higher, respectively, than in HT-1080. The mutation rate for this sequence in HT-1080 was very similar to that found previously for a line of immortalized, nontumorigenic mouse cells (CAK) (Farber et al., 1994) , which is also repairpro®cient (Umar and Kunkel, personal communication). The rates for CAK, calculated by the LuriaDelbruÈ ck equation (Luria and DelbruÈ ck, 1943) using the Capizzi and Jameson (1973) tables, were 1.6 ± 3.3610 75 mutations per locus per generation (Farber et al., 1994) ; recalculation of these rates using the Lea and Coulson (1949) method for direct comparison to the data in this report gives a range of 7.5610 76 ± 1.4610 75 mutations/locus/generation. There is extensive variation among the microsatellite mutation rates of dierent hygromycin-resistant clones of H6, as seen in Table 1 . The reason for this is not known. It may be that the mutation rate for a given clone depends upon the context in the genome within which the plasmid sequence has integrated; this would be important to establish, since there may be contextspeci®c dierences in stabilities of endogenous microsatellites. Alternatively, the neo gene may not be expressed in some clones as the result of methylation (Lengauer et al., 1997) ; this possibility is currently under investigation. Finally, some clones may have experienced mutations in more than one repair gene, perhaps as a direct result of the known mutation in hMLH1 that is present in all of the H6 cells. Although there also appears to be considerable variation in rates among the HT-1080 hygromycin-resistant clones, some of this variation is accounted for by the fact that the clone with the highest rate contains multiple copies of the microsatellite sequence. The approximately equal intensities of the signals from the shifted and unshifted bands on autoradiographs of PCR products from Autoradiographs showing PCR products from G418-resistant clones isolated from cancer cell lines. DNA was isolated either by salting out (Miller et al., 1988) or by lysis of cells in nonionic detergent. PCR analysis of the region of the tk/neo fusion gene including the microsatellite insert was carried out as previously described, using primers from within the tk gene sequence (Farber et al., 1994) . derivatives of this clone suggest that there are two copies of the target sequence present; therefore, the mutation rate per microsatellite sequence would be expected to be only about one-half of the rate obtained for this clone, or 2.2610
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. The microsatellite mutation rates for dierent clones of LoVo cells are relatively consistent and are all very high.
There are few other studies in which attempts have been made to quantitate the rates of mutation of microsatellites in cancer cell lines. Bhattacharyya et al. (1994) estimated the rates for two endogenous microsatellites in HCT116 by establishing multiple subclones from the line and screening for the presence of mutant PCR products. The rate that they determined for the D11S527 locus was 3.8610 72 mutations/locus/generation, which is considerably higher than the rates we obtained for H6 cells, which were derived from the same line. There are several possible explanations for this dierence. Since one out of every three possible mutations involving deletion or insertion of CA-repeats in our system result in restoration of the reading frame of the neo gene [as is the case for other frameshift assays, such as that used by Strand et al. (1993) in yeast], the actual rates of mutation of the (CA) 17 repeat may be roughly three times higher than those shown in Table 1 . If so, the highest rate observed in one of our H6 clones would be approximately 8.4610
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, which approaches the rate found by Bhattacharyya et al. (1994) . D11S527 also contains a (CA) 17 repeat; however, this dinucleotide repeat is directly adjacent to an (ACAG) 6 repeat (Hauge and Litt, 1993) , and complex microsatellites of this type may be less stable than simple dinucleotide repeats (Talbot et al., 1995) . There are also signi®cant methodological dierences between our study and theirs. In particular, without selection they could detect mutant alleles only if they were present in about 10% of the cells in a clone; therefore, estimates of the ®nal cell numbers were made in each clonal population for calculation of mutation rates by the P 0 method (Luria and DelbruÈ ck, 1943) . [The rate obtained by Bhattacharyya et al. (1994) for the trinucleotide repeat IID in HCT116 was 6610
.] A similar study was carried out by Shibata et al. (1994) , who also screened subclones of various cancer cell lines for mutations in endogenous microsatellites and obtained high rate estimates for lines with microsatellite instability; however, the lines that they examined were subsequently reported to carry mutations in hMSH6 (Malkhosyan et al., 1996) , rather than in hMLH1 or hMSH2.
Other investigators have used vectors containing microsatellites to assay for mutations in these sequences in cancer cell lines. Parsons et al. (1993) developed a shuttle vector that included one or two copies of a (CA) 14 -repeat that disrupted the reading frame of the b-galactosidase gene. They found that this sequence was less stable in H6 cells than in a cell line with normal mismatch repair activity. Kahn et al. (1995) constructed a retroviral expression vector containing a hyg gene as a selectable marker for mutations in an out-of-frame (CA) 13 microsatellite, which was inserted immediately downstream of the initiation codon of the hyg gene. They used this vector to determine microsatellite mutation frequencies in several colon carcinoma cell lines including HCT116, which was found to have a high mutation frequency. Rates of mutation of the microsatellite sequences were not determined in either of these studies.
The distributions of types of mutations in the cell lines with mismatch-repair defects were quite dierent from those in cells with normal repair. Deletions of a two base pairs were predominant in the H6 and LoVo clones with microsatellite mutations (88 and 92%, respectively). In contrast, only one of the HT-1080 clones (7%) had a deletion of two base pairs. As previously reported (Farber et al., 1994) , 12 out of 32 (38%) of the G418-resistant clones of the repairpro®cient CAK mouse cell line had deletions of a single CA-repeat. All of the revertants reported in H6 cells by Parsons et al. (1993) and in HCT116 by Kahn et al. (1995) contained 2-bp deletions. Microsatellite frameshift mutations are likely to result from DNA polymerase slippage during replication (Sia et al., 1997) . In normal cells the loops resulting from these slippage events would be corrected by the mismatchrepair system. The data on the cancer cell lines suggest that the most common frameshift mutations involve a single repeat unit but that these remain uncorrected in cells with repair defects. Similar observations have been made in yeast (Strand et al., 1993) . (Insertions of 2 bp would not have been observed in any of the studies on cancer cell lines because the microsatellite inserts put the reporter genes in all of the constructs in the 71 reading frame. Experiments are in progress in our laboratory to determine whether insertions of a single repeat occur in cells carrying the neo gene in the +1 frame occur at the same rate as deletions of a single repeat in the cells described in this report).
Mutation rates in cells with genetic defects in mismatch repair are almost certainly one factor in the development and progression of these tumors, although it is not at all clear that high mutation rates result in more aggressive cancers. In fact, patients with colorectal tumors that demonstrate microsatellite instability tend to have a relatively favorable prognosis (Lothe et al., 1993; Thibodeau et al., 1993) . This observation may result from a high rate of mutations that are ultimately detrimental to the survival of the cells, along with mutations that result in the loss of growth control.
One of the advantages of this transfection system is its high level of sensitivity for determination of microsatellite mutation rates in cultured cells. We have recently succeeded in obtaining the rates of mutation for the (CA) 17 microsatellite in normal diploid human ®broblasts using this system (Boyer and Farber, in preparation). These rates are very low, as would be expected, and could not be calculated by screening for mutations in endogenous microsatellites.
